ABSTRACT The analysis of capacitive wireless power transfer was conducted in a general manner. The circuit model of a capacitive wireless power transfer chain was presented. The derivation of the power transfer efficiency through the chain in question as well as the active power delivered to the appliance terminating this chain was shown. Both the case of the maximal efficiency and the one of the maximal appliance power were treated and conditions for these optima were found in both cases. The appliance power corresponding to the maximal efficiency and the efficiency corresponding to the maximal appliance power were also expressed. The total admittance of the capacitive wireless power transfer chain was calculated. For both optimal conditions, the appliance power and total admittance were written in the normalized form, which enabled to express them as functions of single variable in the same way as the efficiency.
I. INTRODUCTION
The paper deals with a general rigorous circuit analysis of a wireless power transfer (WPT) chain, which realizes the WPT with the help of capacitive coupling. The general block scheme of the WPT chain is depicted in Fig. 1 [1] . There is a ''wireless'' transfer medium between the source side and appliance side. The power is transferred wirelessly through this medium from the source to the appliance. The medium is separated from both the source and appliance by adaptors that ensure an efficient transfer. The adaptors form electromagnetic field with the help of suitable coupling elements. In addition, they contain matching networks and typically also frequency converters because suitable frequencies for transfer through the medium differ from suitable frequencies for the source and appliance. In the case of capacitive WPT (CWPT), the coupling elements are formed by a system of electrodes and the WPT is mediated just by the capacitive coupling of the electrodes.
The CWPT belongs to near field WPT technologies. The basic ideas of the near field WPT were presented by Nikola Tesla, who articulated the CWPT principles [2] as well as inductive WPT (IWPT) principles [3] more than hundred years ago. After a relatively long period of time, in 1960s, the IWPT was further evolved [4] , [5] , especially for medical implants, whereas the CWPT remained undeveloped. In 2010s, the WPT gained a new motivation in the massive expansion of personal portable appliances and sensor networks with low power consumption. Since then, the principles of the WPT have been revised and extensively investigated, which has led to development of both theory of the CWPT [6] - [12] and IWPT [13] - [17] and their different applications [18] , [19] and [20] , [21] respectively.
The analysis of the CWPT chain presented in this paper generalizes the results from [7] - [10] . It is developed as the dual case to the analysis of the IWPT chain [13] . The paper structure is as follows: In Section II, the circuit model of the CWPT chain is described. In Section III, the derivation of the power transfer efficiency through the chain in question as well as the active power delivered to the appliance terminating this chain is shown. Further, either the maximal efficiency or maximal power delivered to the appliance as well as conditions for these maxima are found. In Section IV, the total admittance of the CWPT chain is calculated. In Section V, the analysis is concluded.
II. CIRCUIT MODEL
The circuit model of the CWPT chain is depicted in Fig. 2 . The source, frequency converter (FC) and matching network (MN) on the source side are considered as one block, i.e., the equivalent source. Similarly, the appliance, frequency convertor (FC) and matching network (MN) on the appliance side are regarded as one block as well, i.e., the equivalent load. Finally, the coupling elements (CE) and transfer medium (TM) are also viewed as one block. In other words, the fundamental block, which represents the essence of the transfer, is composed of the coupling elements and transfer medium. The rests of the source and appliance sides are connected to the block in question as the equivalent source and load respectively. In the presented model, two electrodes (EL 1, EL 3) connected to the source side and two electrodes (EL 2, EL 4) connected to the appliance side are regarded as the coupling elements. The symbols in Fig. 2 24 , C 34 the capacitances between the electrodes 1-2, 1-3, 1-4, 2-3, 2-4, 3-4, I S the source current phasor (in rms scale), U A and U S the appliance and source voltage phasors (in rms scale), P AC , P AN , P SC , P SN the active powers lost in the conductances G AC , G AN , G SC , G SN , P AL the active power delivered to the conductance G AL of the appliance, P T the total active power supplied by the source, Y T the total admittance seen by the source. The conductances G AC , G AN , G SC , G SN represent parasitic losses in the CWPT chain. Note that the losses caused by serial resistances of the electrodes 1, 2, 3, 4 are neglected, while the losses resulting from parallel conductances are considered merely between the electrodes 1-3 and 2-4 and they are included by the conductances G SC and G AC .
For the following derivation, the circuit model in Fig. 2 is replaced by the equivalent circuit model in Fig. 3 . Here, the two-port of the capacitances with respect to infinity and mutual capacitances between the source and appliance sides is replaced by the equivalent two-port. The latter provides a suitable formalism to perform all further derivations in a general manner while considering all aforementioned capacitances. The equivalent two-port in Fig. 3 is formed by a network with susceptances B AA +B AS , −B AS , B SS +B AS . The two-port is purely reactive since it consists of the capacitances that are related to their susceptances through the expression
where ω is the angular frequency. For the expression of the susceptances B AA , B AS , B SS with the help of the susceptances B ij , i ∈ {1, 2, 3, 4}, j ∈ {1, 2, 3, 4}, see Appendix. In addition, the capacitances C 13 , C 24 are designed by their susceptances B SC , B AC , see Fig. 3 , that are related to the capacitances by the expressions
The voltages U A and U S constitute the solution of circuit equations system, which describes the model in Fig. 3 ,
where Y A , Y S are the admittances with conductances G A , G S and susceptances B A , B S given by the relations 
Solving the system (4), the voltages U A and U S can be written as
III. POWER TRANSFER EFFICIENCY AND APPLIANCE POWER A. GENERAL FORMULAS
The power transfer efficiency η is defined by means of the active power P AL delivered to the conductance G AL of the appliance and the active powers P A , P S lost in the conductances G A , G S , whose sum equals to the total active power P T supplied by the source. The powers P A , P AL , P S , P T are given by the relations
The definition formula of the efficiency η can be then stated as
From (13) using (5)- (11), the efficiency η and powers P A , P AL , P S can be expressed as
where
AS . (18) Further, either the maximal efficiency η MAX or maximal power P AL,MAX delivered to the appliance as well as conditions for these maxima are found.
B. MAXIMAL POWER TRANSFER EFFICIENCY
The maximum of the efficiency η with respect to the conductance G AL and susceptance B AN can be found from the conditions ∂η
Solving the system (19), (20) and through (5), (14) , the optimal values G AL,MAX(η) and B AN,MAX(η) of the conductance G AL and susceptance B AN are equal to
From (14), (16) using (5), (18), (21), (22), the maximal efficiency η MAX and corresponding power P AL,MAX(η) delivered to the conductance G AL,MAX(η) can be written in the form where
Thus, the efficiency η MAX can be expressed as a function of single variable κ, see Fig. 4 . The variable κ describes the mutual arrangement of coupling elements through the susceptance B AS and losses on the appliance and source sides through the conductances G A and G S respectively. The power P AL,MAX(η) can be written as a function of three variables κ, ζ , |I S | 2 /(4G S ). The term |I S | 2 /(4G S ) can be considered as a scale factor of the normalized active power p AL,MAX(η) . Given (6), (14) , (23)-(26), the efficiencies η and η MAX are apparently independent of, whereas the power P AL,MAX(η) through the variables ζ , B S dependent on the susceptance B SN . Consequently, the susceptance B SN can be freely chosen without any impact on the efficiency η MAX . It is useful to determine the susceptance B SN for the maximal power P AL,MAX(η) and it can be found using the condition
Solving (27) and through (6), (24), (26), the optimal value B SN,MAX(η) of the susceptance B SN amounts to
and the relation (24) expressing the power P AL,MAX(η) can be reduced to which is a function of two variables κ, |I S | 2 /(4G S ). The normalized active power p AL,MAX(η) , which is a function of single variable κ, is depicted in Fig. 5 .
C. MAXIMAL APPLIANCE POWER
The maximum of the power P AL with respect to the conductance G AL and susceptances B AN , B SN can be found from the conditions
Solving the system (30)-(32) and through (5), (6) , (16) 
From (14), (16), (18) using (5), (6), (25), (33)- (35), the maximal power P AL,MAX delivered to the conductance G AL,MAX(PAL) and the corresponding efficiency η MAX(PAL) can be written in the form
Thus, the efficiency η MAX(PAL) can be expressed as a function of single variable κ, see Fig. 4 , and the power P AL,MAX can be written as a function of two variables κ, |I S | 2 /(4G S ). The term |I S | 2 /(4G S ) can be considered as a scale factor of the normalized active power p AL,MAX , which is a function of single variable κ and is depicted in Fig. 5 .
IV. TOTAL ADMITTANCE
The total admittance Y T of the CWPT chain seen by the source with the current I S and voltage U S is defined by the formula
Using (5), (6), (8), the admittance Y T can be expressed as
If the conditions (21), (22) for the maximal efficiency η MAX and the additional condition (28) for the power P AL,MAX(η) hold true, the admittance Y T from (39) becomes using (5), (6), (25)
where y T,MAX(η) is the normalized admittance. If the conditions (33)-(35) for the maximal power P AL,MAX hold true, the admittance Y T from (39) becomes using (5), (6), (25) 
V. CONCLUSION
The analysis of capacitive wireless power transfer was conducted in a general manner. The circuit model of a capacitive wireless power transfer chain was presented. The derivation of the power transfer efficiency through the chain in question as well as the active power delivered to the appliance terminating this chain was shown. Both the case of the maximal efficiency and the one of the maximal appliance power were treated and conditions for these optima were found in both cases. The appliance power corresponding to the maximal efficiency and the efficiency corresponding to the maximal appliance power were also expressed. The total admittance of the capacitive wireless power transfer chain was calculated. For both optimal conditions, the appliance power and total admittance were written in the normalized form, which enabled to express them as functions of single variable in the same way as the efficiency.
The possibility to express the mentioned characteristics as functions of single variable represents the general property of a reciprocal power transfer chain [22] . In this paper, it was detailed for the case of the capacitive wireless power transfer chain. This variable was introduced in [23] as the extended k-Q product and the formalism of single variable was also used for the inductive wireless power transfer chain in [13] . The derived efficiency and appliance power correspond to the power gain and transducer gain described in [24] . .
APPENDIX
In reality, the capacitances C 11 , C 22 , C 33 , C 44 or even the capacitances C 14 , C 23 can be neglected, provided that their values are negligible compared to the capacitances remaining through (1) in (46)- (48) or (49)- (51) respectively. The use of approximations in question depends on different arrangements of the electrodes which are discussed, e.g., in [11] .
